Toxoplasma gondii most often causes subclinical infection; however, primary infection during pregnancy can induce fetal pathology and abortion in both humans and lower animals. In the chronic phase, reactivation of the infection can be lifethreatening for immunocompromised individuals: 18 to 25% of U.S. AIDS patients suffer from Toxoplasma encephalitis (TE) (22) . A vaccine against T. gondii would be extremely valuable for preventing both fetal infection and reactivation in immunocompromised individuals. It might also reduce economic losses due to abortion in farm animals.
It is well established that both humoral and cellular immune responses are elicited in Toxoplasma infection and that gamma interferon (IFN-␥) plays a predominant role in controlling both acute and chronic phases of T. gondii infections (reviewed in reference 10). Accumulating evidence indicates that vaccination with stage-specific antigens leads to stage-limited protection (reviewed in reference 1). Therefore, a vaccine inducing a Th1-type immune response against T. gondii antigens that are expressed during the different life stages of the parasite is likely to confer at least partial protection against T. gondii infections. Since the plasmid vectors used for DNA vaccination have been shown to contain immunostimulatory sequences favoring a Th1 response (43) , we speculated that DNA vaccination of mice with suitable antigens might induce protective immunity against toxoplasmosis.
In this study, mice were immunized with plasmid DNA encoding three distinct Toxoplasma antigens: GRA1, GRA7, and ROP2. These antigens were chosen because they are expressed in the tachyzoite and bradyzoite life stages of the parasite (8, 15, 37) and because there is evidence that at least GRA1 and ROP2 can elicit potentially protective immune responses (14, 35) . The 23-kDa calcium-binding protein GRA1 (antigen P24) is secreted by tachyzoites and bradyzoites (8) . It induces humoral immune responses in mice and humans in the chronic phase of the infection (8) . Moreover, GRA1 has shown to be protective in two animal models of infection (14, 40) . Specific T-cell proliferation has been demonstrated in rats vaccinated with crude secreted antigens and with GRA1-expressing vaccinia virus. Adoptive transfer of T lymphocytes from these vaccinated rats conferred to nude rats partial protection against lethal challenge with the virulent RH strain of T. gondii (14) . In addition, immunization of sheep with recombinant Mycobacterium bovis BCG producing and secreting GRA1 resulted in specific, partially protective cellular immune responses characterized by the production of IFN-␥ (40) . ROP2, a 54-kDa protein, was identified in a human T-cell clone that produced high levels of IFN-␥ (35) . T-cell-stimulatory peptides from ROP2 recognized by a high proportion of the infected human population have been identified (36) . GRA7 is a recently discovered 29-kDa protein (15, 19) . Like GRA1, it is secreted from the dense granules (15) , and it reacts with sera from humans with acute and chronic infections (20) .
In the present study, we used three strains of inbred mice with different major histocompatibility haplotypes and different levels of susceptibility to T. gondii-induced morbidity and mortality: C57BL/6 (H- ). C57BL/6 mice are highly susceptible, and oral infection with low numbers of encysted bradyzoites leads to a high mortality rate in the acute phase (29) . Both H-2 k and H-2 d mice can survive oral infection (5) . BALB/c mice can survive infection with larger numbers of parasites (3) , and the cyst load in the brains of infected BALB/c mice is lower than in the intermediately resistant C3H mice (7, 41) .
MATERIALS AND METHODS
Plasmid constructions. All DNA constructs used for vaccination were based on the plasmid vector VR1020, obtained from Vical, Inc., San Diego, Calif. (27) . The three genes encoding the antigens of interest (GRA1, GRA7, and ROP2) were PCR amplified (using Taq or Pfu DNA polymerase) from cloned DNA fragments, using a sense primer located at the start of the mature gene (after the putative signal sequence) and an antisense primer located at the end of the coding region, including the stop codon. Sense and antisense primers were designed to contain a BamHI (GRA7 and GRA1 genes) or BglII (ROP2 gene) restriction site to allow in-frame cloning of the gene fragment into the VR1020 vector. The amplified fragments were cloned into vector pGEMT (Promega, Madison, Wis.), and sequence analysis was performed on all three cloned genes to confirm that no PCR mutations were introduced. The genes were then recovered from the pGEMT vector by using either BamHI (GRA1 and GRA7) or BglII (ROP2) and cloned into the BamHI site of the expression vector VR1020 to generate an in-frame fusion with the vector-encoded signal sequence of human tissue plasminogen activator. Thus, the fusion proteins contained the 193, 210, and 535 carboxy-terminal amino acid residues of GRA1, GRA7, and ROP2 proteins, respectively. The orientation of the cloned genes was determined by restriction analysis, and one clone for each gene was selected for large-scale DNA preparation. All plasmids were propagated in Escherichia coli DH1 (4).
DNA for vaccination was purified by using EndoFree Plasmid Giga kits as instructed by the manufacturer (Qiagen, Hilden, Germany).
Vaccination. Female inbred mice (C57BL/6, BALB/c, and C3H) were purchased from Harlan (Horst, The Netherlands). In addition, some C57BL/6 were purchased from IFFA-Credo (L'Arbresle, France). Vaccination was started when the animals were 6 weeks old. Mice were anesthetized by intramuscular injection of ketamine (100 mg/kg)-xylazine (3 mg/kg) (Rhône-Mérieux, Lyon, France, and Bayer, Leverkusen, Germany) and injected three times (at 3-week intervals) in both quadriceps with 100 g of DNA, using a 0.3-ml syringe (Becton Dickinson, Paramus, N.J.). As a negative control, the empty vector VR1020 was injected. Mice were bled 3 weeks after the last DNA dose and in some experiments (Fig. 2 ) also 3 weeks following the first and second doses.
T. gondii strains and doses for peroral challenge of DNA-vaccinated mice. Two T. gondii strains, 76K and IPB-G, were used for challenge. Strain 76K was obtained from a guinea pig (24) and propagated in Swiss mice by the peroral administration of brain cysts of infected animals every 2 months (9). Strain IPB-G, isolated from the placenta of a patient with congenital toxoplasmosis, is a zymodeme II type strain (45) that has been passaged in Swiss mice by intraperitoneal inoculation of brain cysts once a year. It induces mortality in 20% of these animals. C3H mice were challenged perorally with 50 cysts of strain IPB-G or 76K. BALB/c mice received perorally either 50 or 200 cysts, and C57BL/6 mice received 10 cysts, of strain IPB-G. DNA-vaccinated animals were challenged at 6 or 9 weeks after the third administration of DNA. Brain cyst numbers in surviving animals were assessed at 6 or 8 weeks after challenge.
T. gondii infection. Female inbred BALB/c and C3H mice were infected perorally with 25 cysts, and C57BL/6 mice were infected intraperitoneally with 10 cysts, of strain 76K. The mice were used at least 2 months following infection.
Preparation of TLA. Tachyzoites of the virulent T. gondii strain RH were obtained from the peritoneal fluid of infected Swiss mice. The material was passed twice through a 26-gauge needle. The parasites were washed, resuspended in phosphate-buffered saline (PBS), and sonicated (1-min burst, 1-min cooling, 150 W) in an Ultrasonic disintegrator (MSE, Leicester, United Kingdom). The protein concentration of the Toxoplasma lysate (TLA) was determined by using the Bio-Rad DC protein assay and albumin (fraction V; Boehringer Mannheim, GmbH, Mannheim, Germany) to generate a standard curve.
SDS-PAGE and Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of TLA was carried out as described by Laemmli (23) , using the Bio-Rad (Hercules, Calif.) minigel system (12% polyacrylamide gel). The BenchMark prestained protein ladder (Life Technologies, Grand Island, N.Y.) was used for molecular weight standards. Electrophoretic transfer onto nitrocellulose membranes (Hybond-C; Amersham Pharmacia Biotech, Rainham, United Kingdom) was done with a mini Trans-Blot electrophoretic cell system (Bio-Rad) as instructed by the manufacturer. The membrane was blocked by incubation with 5% dried skimmed milk in TBS-T (10 mM Tris-HCl [Bio-Rad], 150 mM NaCl, 0.1% Tween 20) for 1 h at room temperature. Antisera were diluted 1:100 in TBS-T and incubated overnight at 4°C. The monoclonal antibody against GRA1 (BATO 35) (34) was used at a dilution of 1:400. Peroxidase-labeled anti-mouse antibody (diluted 1:1,000; Amersham) was used as the secondary antibody (1-h incubation at room temperature). ␣-1-Naphthol (0.03 g; Bio-Rad) in ice-cold methanol (10 ml; Merck, Darmstadt, Germany) was added to a mixture of 50 ml of TBS and 300 l of 3% H 2 O 2 solution (Merck); 500 l of this mixture was added to each membrane strip and further incubated for 10 to 15 min. The reaction was stopped by washing in distilled water.
Enzyme-linked immunosorbent assay (ELISA) for GRA1, GRA7, and ROP2. To measure total antigen-specific antibodies, Nunc immunoplates (Life Technologies) were coated either overnight at 4°C with crolac-GRA1 (5 g/ml) (44) and tumor necrosis factor-GRA7 (19) (6 g/ml) or for 1.5 h at 37°C with reduced crolac-ROP2 (44) in 50 mM carbonate buffer (pH 9.6). Crolac is a 48-amino-acid fusion protein derived from the phage lambda protein Cro and the Escherichia coli protein LacI. Plates were washed in PBS-0.1% Tween, and blocked for 1 h at 37°C in PBS containing 10% fetal calf serum (FCS) (Life Technologies) (GRA1 and GRA7) or in PBS with 0.5% casein (ROP2). After washing, serum samples were diluted either in PBS with 10% FCS (GRA1 and GRA7) or in PBS containing 0.5% casein supplemented with Triton X-705 (2.86 g/liter; Sigma Chemical Co., St. Louis, Mo.) (ROP2) and incubated again for 1 h at 37°C. Plates were then washed and supplemented with a peroxidase-conjugated anti-kappa light chain of mouse immunoglobulin (Ig; 1/1,000) (Experimental Immunology Unit, Université Catholique de Louvain, Louvain Belgium) for 1 h. After washing, o-phenylenediamine dihydrochloride tablets (Sigma Fast; Sigma) in H 2 O 2 were used for development. The reaction was stopped by addition of 2 N H 2 SO 4 . Absorbance was read at 450/692 nm in a Titertek Multiskan MCC/340 (Labsystems, Espoo, Finland). Samples were considered positive if at the same dilution of at least 1/200 the optical density (OD) exceeded the OD of the preimmune serum by a factor 2.
IgG1 and IgG2a antibody determinations were performed as described for total antibodies. After incubation of serum samples, an anti-mouse IgG1 or anti-mouse IgG2a antibody labeled with biotin (Pharmingen, San Diego, Calif.) was added at 1/1,000 dilution for 1 hour, followed by washing, addition of streptavidin-peroxidase (1/2,000; Pharmingen) for 20 min, and development as described above. Samples were considered positive if the OD exceeded 0.3. Sera from BALB/c mice vaccinated with DNA encoding antigen 85A from M. tuberculosis via a gene gun were kindly provided by A. Tanghe (A. Tanghe, O. Denis, B. Lambrecht, V. Motte, T. Van Den Berg, and K. Huygen, submitted for publication).
In vitro spleen cell proliferation. Two months after the last DNA injection, seropositive animals were sacrificed. Single-cell suspensions of splenocytes from DNA-vaccinated mice were obtained by gentle squeezing of whole spleens in erythrocyte lysis buffer (155 mM ammonium chloride, 10 mM potassium hydrogen carbonate, 0.1 mM EDTA [pH 7.4]) (Merck). Residual debris was removed by passage through a nylon gaze. The recovered cell suspension was washed once in RPMI 1640 (Life Technologies), and the cells were resuspended and plated in RPMI 1640 supplemented with 10% FCS, 2 mM glutamine 1640 (Life Technologies), 0.05 mM 2-mercaptoethanol (Sigma), and penicillin-streptomycin (100 U/ml; Life Technologies). The viability of the cells used in the experiments was always higher than 80% as determined by trypan blue exclusion (BDH Chemicals, Dorset, United Kingdom). Splenocytes were stimulated with total T. gondii lysate used at a concentration of 25 g/ml. As controls, the cells were also stimulated either with pokeweed mitogen (Life Technologies) prepared as instructed by the manufacturer and further diluted 1/5 in RPMI 1640 or with concanavalin A (Sigma) used at a final concentration of 2.5 g/ml. Cells were cultured for 4 days in flat-bottomed microwell plates at 5 ϫ 10 5 cells/ml, and [ 3 H]thymidine (Amersham Pharmacia Biotech) was added at 1 Ci/well during the last 18 h. The cells were harvested onto glass fiber mats (Wallac, Turku, Finland) by using an automatic cell harvester (Skatron, Lier, Norway), and radioactivity was measured in a liquid scintillation counter (Betaplate; Wallac).
ELISA for IFN-␥ and IL-4. Supernatants from 72-h spleen cell cultures from mice 2 months following the third DNA dose were harvested and stored at Ϫ20°C until IFN-␥ content was measured by ELISA. Briefly, Nunc immunoplates were coated overnight (4°C) with the capturing rat anti-mouse-IFN-␥ monoclonal antibody (18181D; Pharmingen) diluted 1:1,000 in 50 mM sodium bicarbonate buffer, pH 9.6. The wells were washed thoroughly with 0.05% Tween 20 in PBS. Empty binding sites were blocked by 1 h of incubation at 37°C with 10% FCS in PBS. The supernatants from the cell cultures were tested in triplicate (100 l per well) by incubation for 1 h at 37°C. After five washes, biotinylated rat anti-mouse IFN-␥ monoclonal antibody (18112D; Pharmingen) was added (1:1,000 dilution; 100 l per well) for 1 h at 37°C. Streptavidin-peroxidase conjugate (Jackson ImmunoResearch, West Grove, Pa.) was added (1:2,000) to the washed wells and allowed to react for 20 min at room temperature. Bound complexes were detected by reaction with the Sigma Fast substrate. The reaction was stopped by addition of 2 N H 2 SO 4 . Absorbance was read at 450/692 nm in a Titertek Multiskan. IFN-␥ content was calculated as picograms per milliliter, using recombinant murine IFN-␥ (Life Technologies) as a standard. The detection limit was 94 pg/ml. Interleukin-4 (IL-4) determination was carried out with the mouse IL-4 Quantikine M from R&D Systems (Minneapolis, Minn.) as instructed by the manufacturer. The detection limit was 4 pg/ml. Enumeration of T. gondii cysts in the mouse brain. Mouse brains were homogenized with a mortar and pestle in 2 ml of PBS. Then 100 l (four aliquots of 25 l each) of this suspension was counted in a phase-contrast microscope at a magnification of ϫ40.
QC-PCR. One milliliter of brain suspension was used for DNA extraction. A detailed description of the method will be provided elsewhere (16a) . In brief, a T. gondii-specific repetitive DNA fragment of 529 bp was amplified for 40 cycles, in competition with a 410-bp fragment that is recognized by the same primers. This 410-bp competitor DNA was prepared by PCR cloning the 529-bp fragment of T. gondii into a pUC19 plasmid and deleting an internal fragment of 119 bp.
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DNA was extracted from the brain homogenates used for cyst counting by using a QIAamp tissue kit (Qiagen) as instructed by the manufacturer. In each quantitative competitive PCR (QC-PCR) sample, an amount of DNA equivalent to 1/1,000 of a complete mouse brain was included, along with a known copy number (3 ϫ 10 6 ) of the plasmid with its 410-bp competitor fragment. The PCR products were separated on a polyacrylamide gel. After staining with ethidium bromide, images of the gel were digitized and analyzed with the public domain program NIH Image (developed at the National Institutes of Health; available on the Internet at http://rsb.info.nih.gov/nih-image/). The ratio between the integrated fluorescence levels of the 529-bp band containing genomic T. gondii DNA and the 410-bp band containing competitor plasmid DNA was calculated and is indicated in the text as the relative amount of T. gondii DNA.
Statistical analysis. For statistical evaluation of data from proliferation assays, IFN-␥ and IL-4 production, brain cyst counting, and QC-PCR, the results for vaccinated mice were compared to those for controls by a two-sided Student t test. Survival curves for vaccinated mice were compared to those for controls by the Mantel-Haenszel test. Statistical analyses and graphics were carried out with the Prism 2.01 software (GraphPad, San Diego, Calif.).
RESULTS

Humoral immune response induced by DNA vaccination.
Vaccination with plasmid DNA encoding GRA1, GRA7, and ROP2 induced a strong antibody response. In Western blot analysis of TLA after SDS-PAGE, pools of sera from the three mouse strains used reacted with a single protein band at the expected molecular weight of the corresponding antigen (Fig.  1) . A second, higher-molecular-weight band was also detected in C3H mice vaccinated with GRA7 DNA.
As shown in Fig. 2 , significant antibody responses were observed in a high percentage of animals in all vaccine-host combinations, although there were differences depending on the antigen and the mouse strain. C3H mice were found to be good responders for all three antigens: seroconversion was found in more than 90% of the animals. Almost all BALB/c mouse had antibodies against GRA1 and GRA7, and about 80% had antibodies against ROP2. C57BL/6 mice responded slightly better to ROP2 and to GRA1 than to the GRA7 antigen. In general, the number of positive mice increased with the number of DNA doses. This was particularly the case for ROP2, which induced very weak responses after a single dose.
The magnitude of the titers found in vaccinated animals also differed depending on the antigen and mouse strain. The highest titers were found with GRA7 (13,000 Ϯ 9,000 [mean Ϯ standard error of the mean {SEM}] in C57BL/6, 530,000 Ϯ 120,000 in C3H, and 160,000 Ϯ 77,000 in BALB/c). The titers against GRA1 were intermediate (3,600 Ϯ 1,400 in C57BL/6, 79,000 Ϯ 28,000 in BALB/c, and 8,400 Ϯ 2,900 in C3H), and the lowest titers were against ROP2 (1,100 Ϯ 250 in C57BL/6, 1,890 Ϯ 430 in BALB/c, and 4,800 Ϯ 1,600 in C3H). The titers for C57BL/6 were always lower than those for the other two strains. The IgG1 and IgG2a humoral isotype responses against GRA1, GRA7, and ROP2 were analyzed individually in sera from five DNA-vaccinated BALB/c and five DNAvaccinated C3H mice. For comparison, sera from gene gunvaccinated BALB/c mice receiving the gene encoding the Mycobacterium tuberculosis 85A antigen were included because gene gun immunization has been shown to induce pronounced Th2-type humoral responses (28, 32, 39) . As shown in Table 1 , gene gun-vaccinated BALB/c mice had titers of IgG1 that were severalfold higher than the IgG2a titers. In contrast, in C3H mice vaccinated against T. gondii antigens, the titers of IgG2a were substantially higher than those for IgG1, both in the pool of sera from infected mice and in at least four of five vaccinated mice, for all antigens tested. This predominance of IgG2a over IgG1 antibodies suggests that in the DNA-vacci- nated C3H animals as in chronic infections, a pronounced Th1 response is achieved. In vaccinated BALB/c mice, less polarized IgG2a/IgG1 ratios were found, and the IgG1 titers for all three antigens were higher than titers observed during infection (Table 1) . Cellular immune response induced by DNA vaccination. To evaluate cellular anti-Toxoplasma immune responses in the DNA-vaccinated mice, seropositive animals were selected and sacrificed 2 months after the last DNA injection. Spleen cell suspensions from individual mice were stimulated in vitro with T. gondii RH TLA. Substantial specific lymphoproliferation was observed in spleen cell cultures from vaccinated BALB/c mice after 72 h of culture (Fig. 3) . Specific but less vigorous cellular responses were also observed in spleen cell cultures from vaccinated C3H mice. In contrast, splenocytes from vaccinated seropositive C57BL/6 mice did not proliferate when stimulated with TLA (data not shown).
Compared to controls, spleen cells from coding-DNA-vaccinated BALB/c and C3H mice produced significant levels of IFN-␥ when stimulated with TLA (Fig. 4) . In TLA-stimulated splenocytes from C57BL/6 mice, IFN-␥ production was induced in two of four control vaccinated mice as well as in the coding-DNA-vaccinated animals. Additional control as well as naive C57BL/6 mice were tested to confirm TLA-induced IFN-␥ production by splenocytes from nonimmunized and control-vaccinated animals (Fig. 4, inset) . Eventually, no statistically significant differences could be found between coding-DNA-vaccinated, control DNA-vaccinated, and naive animals. We investigated whether splenocytes from the seropositive DNA-vaccinated mice secreted the Th2-associated cytokine IL-4 when stimulated with TLA. IL-4 was undetectable in splenocyte supernatants from both vaccinated and control mice of the three mouse strains analyzed. This was in contrast to the cytokine pattern induced during T. gondii chronic infection: TLA-stimulated spleen cells from all strains produced IL-4 upon infection, but splenocytes from BALB/c mice secreted significantly more IL-4 (130 Ϯ 8.7 pg/ml, n ϭ 5) compared to infected C57BL/6 (10 Ϯ 1 pg/ml, n ϭ 3) and C3H (12 Ϯ 5 pg/ml, n ϭ 4) mice.
Protective efficacy of DNA vaccination in mice. Preliminary experiments were performed with C3H, BALB/c, and C57BL/6 mice to determine the lethal dose of T. gondii cysts by intragastric gavage. In C57BL/6 mice, a dose as low as 10 cysts of either strain IPB-G or strain 76K killed the majority of the animals. For C3H mice, 50 cysts of strain IPB-G were required to induce at least 50% mortality. Selection of the size of the inoculum was critical for BALB/c mice. This mouse strain showed marked changes in susceptibility with relatively low changes in the inoculum dose from a certain threshold onward: doses of 50 or 100 cysts resulted in 20% mortality, whereas 200 cysts killed all the infected mice.
C3H mice vaccinated with GRA1, GRA7, or ROP2 showed significant resistance to challenge with 50 cysts of strain IPB-G 6 weeks after the last injection of DNA. This challenge dose killed 9 of 10 mice that had been injected with control plasmid, whereas 9 of 10 mice vaccinated with DNA encoding GRA7 or ROP2 survived (P Ͻ 0.001), as did 7 of 10 animals vaccinated with DNA encoding GRA1 (P Ͻ 0.003) (Fig. 5A) .
To extend this observation to a different T. gondii strain, 10 C3H mice of each vaccination group were submitted to an oral challenge with strain 76K (50 cysts) 9 weeks after the third DNA dose (Fig. 5B) . Again, significantly higher survival rates were obtained in T. gondii DNA-vaccinated mice. All GRA7 and all ROP2 DNA-vaccinated mice survived (P Ͻ 0.02), as did 9 of 10 GRA1-vaccinated animals (P Ͻ 0.05), compared to only 50% of the empty vector-vaccinated mice.
DNA vaccination did not protect C57BL/6 mice from challenge with 10 cysts of strain IPB-G. This dose induced more than 60% mortality in all conditions tested (Fig. 5C) . No protection was observed in BALB/c DNA-vaccinated mice either. Inoculation with 200 cysts of strain IPB-G led to mortality rates of 100% in the control group and at least 80% in the vaccinated group (Fig. 5D) . A decrease of the dose by a factor 4 (50 cysts) led to at least 70% survival in both control and vaccinated animals (Fig. 5E) .
To evaluate the effect of vaccination on T. gondii brain cyst development in the chronic phase of infection, C3H mice were infected with a nonlethal dose (25 cysts of strain IPB-G) 3 weeks following the last administration of DNA. The mice survived and were sacrificed 2 months after the infection, and cysts in the brain were counted by microscopy and analyzed by PCR. The average number of cysts Ϯ SEM was 2,650 Ϯ 412 per brain of mice injected with control DNA (n ϭ 6). The brains of T. gondii DNA-vaccinated mice contained a significantly lower cyst burden (P Ͻ 0.05 in all cases). In the brains of GRA1-vaccinated C3H mice, an average of 1,225 cysts Ϯ 80 (n ϭ 4) was found, whereas the brains of GRA7 and ROP2 DNA-vaccinated mice contained 983 Ϯ 153 (n ϭ 7) and 869 Ϯ 162 (n ϭ 7) cysts, respectively. QC-PCR confirmed this lower infectious load in vaccinated animals: the relative amount of T. gondii DNA detected in the brains of vaccinated C3H mice was significantly lower (0.169 Ϯ 0.026 [mean Ϯ SEM] with GRA1, 0.189 Ϯ 0.026 with GRA7, and 0.204 Ϯ 0.034 with ROP2) than in the brains of mice injected with control plasmid (0.723 Ϯ 0.179). In BALB/c mice, we detected no effect of vaccination on the development of T. gondii. The cyst burden was measured in the brains of vaccinated and control BALB/c mice surviving challenge with 50 cysts of strain IPB-G strain (Fig.  5E ). Six weeks after infection, the number of brain cysts in these mice was very low and not different in the T. gondii 
DISCUSSION
DNA vaccination has been shown to be a powerful method for the induction of specific humoral and cellular immune responses in a number of vertebrate host species (11, 17) . The   FIG. 4 . IFN-␥ production by splenocytes from DNA-vaccinated C57BL/6, BALB/c, and C3H mice after stimulation with TLA. Splenocytes from individual mice were cultured as for Fig. 3 . Following 72 h of stimulation with TLA, supernatants from the cultures were harvested and analyzed for the presence of IFN-␥ by ELISA. Unstimulated splenocytes did not secrete detectable IFN-␥. Control splenocytes were from mice receiving the plasmid DNA without insert. Chronically infected BALB/c and C3H mice are as in Fig. 3 . Chronically infected C57BL/6 mice were infected with 10 cysts of strain 76K by intraperitoneal injection. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. The inset shows an additional experiment comparing IFN-␥ secretion after TLA stimulation of splenocytes from control DNA-vaccinated and naive C57BL/6 mice. 42 VERCAMMEN ET AL. INFECT. IMMUN.
number of preclinical models in which genetic immunization has been applied has increased steadily over the last 5 years (reviewed in references 18 and 43). With respect to parasitic infections, progress has been made to develop vaccines against malaria, cryptosporidiosis, leishmaniasis, and schistosomiasis (12, 13, 16, 21, 30, 31, 38, (46) (47) (48) . We know of only one previous report on DNA vaccination with a T. gondii surface antigen, SAG1. In that study, a humoral response was found, but data on cellular responses or protection were not presented (2) . In this study, we show that DNA immunization with potentially protective T. gondii antigens (GRA1, GRA7, and ROP2) induces both humoral and cellular immune responses in mice of three different genetic backgrounds. In addition, we show that in one mouse strain, DNA vaccination not only reduces the mortality associated with the acute phase of infection but also limits the parasite load during the chronic phase of the disease. Very high specific antibody titers could be achieved, especially after three injections of DNA. BALB/c and C3H mice exhibited the highest specific antibody titers, which in some GRA7 DNA-vaccinated C3H mice exceeded 1:10 6 . In ROP2-vaccinated mice, the number of seroconverting animals and the titers were lower than with the other two antigens. However, this may be due to an underestimation, as the recombinant ROP2 protein used for detection in ELISA contained only the 330 C-terminal amino acids, compared to 535 codons in the construct used for vaccination. In any case, our results confirm that seroconversion can readily be obtained by DNA vaccination. We also evaluated the isotype nature of the IgG response achieved during vaccination. C3H mice exhibited a high ratio of IgG2a to IgG1 antibody titers, characteristic of Th1-type responses and comparable to those in chronically infected animals. This was not the case for vaccinated BALB/c animals, in which the IgG2a/IgG1 ratio was less polarized: the IgG1 levels in the sera from these animals were consistently higher than those in the infected control pool.
Immunized BALB/c and C3H mice vaccinated with any of the three DNA constructs also showed specific cellular immune responses characterized by significantly increased splenocyte proliferation and secretion of IFN-␥ in response to TLA. In contrast, cells from vaccinated C57BL/6 mice failed to proliferate when stimulated with TLA. Moreover, IFN-␥ production was induced by the lysate in splenocyte cultures from both vaccinated and control mice. We cannot exclude that the lack of proliferation is due to the presence of inhibitory components in the parasite lysate, and IFN-␥ production by antigen-specific T cells may have been obscured by the high level of nonspecific production induced by total lysate. Purified antigens will be needed to resolve this problem.
We also investigated whether IL-4, which plays a major role in controlling the development of cell-mediated immunity (25, 33, 42) , was produced by TLA-stimulated splenocytes of vaccinated mice and whether host strain-dependent differences were observed at this level. Intramuscular DNA vaccination failed to induce IL-4 production in any of the mouse strains evaluated. In contrast, IL-4 was produced by spleen cells from mice chronically infected with T. gondii. It is noteworthy that IL-4 production by spleen cells from infected BALB/c mice was much higher than that by C57BL/6 and C3H spleen cells, again indicating that the former strain is more prone to a Th2-type response than the latter two.
The major purpose of the present work was to see whether DNA vaccination could positively influence the outcome of T. gondii infections in vaccinated mice. We evaluated the protective nature of the immune responses induced by vaccination by orally infecting seropositive vaccinated mice with T. gondii. In the C3H strain, protection induced by vaccination was demonstrated in three independent experiments. Immunization with DNA encoding all three antigens partially protected C3H mice against an otherwise lethal dose of T. gondii IPB-G that killed 90% of the control vaccinated mice. After a sublethal challenge with the same T. gondii strain, parasite burden, measured as numbers of cysts and amount of T. gondii DNA in the brains of the surviving mice, was significantly lower for all mice receiving the Toxoplasma genes compared to controls. DNA vaccination also reduced mortality upon lethal challenge with the less virulent strain 76K. These results indicate that vaccination not only limited the death associated with the acute phase of infection but also conferred partial protection during the chronic phase of the disease. This is of particular relevance considering that C3H mice are susceptible to TE and have markedly more Toxoplasma cysts in the brain than the resistant BALB/c (41). It will be of interest to evaluate the effect of DNA vaccination on the development of TE in the chronic phase.
In BALB/c mice, it was difficult to assess the protective effect of DNA vaccination. BALB/c mice, considered naturally resistant, readily survive T. gondii infections, which lead to the formation of very low numbers of brain cysts. BALB/c mice are also resistant to TE. The development of TE and brain cyst burden during T. gondii infection has been comprehensively characterized and linked to the major histocompatibility complex class I coding complex (5, 6, 41) . However, BALB/c mice can succumb to T. gondii infections when relatively high doses of parasite are inoculated. It is striking that that mortality in these mice sharply increases from a certain threshold dose (3). Therefore, it is difficult to define a suitable condition for the assessment of protective immunity. In this study, gavage with 200 T. gondii cysts induced high mortality in both control and vaccinated groups, whereas a dose of 50 cysts caused very limited mortality. Animals that survived all had a low number of cysts in the brain. In these particular circumstances, improved protection due to vaccination could not be demonstrated in the BALB/c mice: there was no further decrease in the already low cyst load in animals surviving a low-dose challenge, nor was there improved survival in the acute phase after a high-dose challenge. In view of the difference in natural resistance between C3H and BALB/c mice, it is difficult to link the lack of protection in BALB/c to differences in the type of immune response. Nevertheless, the higher IgG1 titers after vaccination and the higher IL-4 production after infection suggest a tendency toward a Th2-type response in BALB/c mice, whereas a more pronounced Th1-type response as observed in C3H mice might confer better protection. However, it should be stressed that the role of IL-4 and Th2 cellular responses during toxoplasmosis is still unclear. Some studies suggest that IL-4 is necessary to avoid the induction of pathology, while others indicate that its absence might be beneficial for resolution of the acute phase (10) .
No protection was observed in vaccinated C57BL/6 mice. On the contrary, a somewhat higher mortality was observed in two of the three vaccinated groups. Again, this may be related to the particular course of the disease in this strain. Recent studies on inflammatory mediator production indicate that T-cellderived cytokines may promote pathological changes during T. gondii infection of C57BL/6 mice: the major pathological finding in C57BL/6 mice succumbing to oral T. gondii infection is the inflammation of the ileum due to IFN-␥ produced by CD4 ϩ lymphocytes, predominantly of the ␣/␤ type (26) . Thus, the high mortality in infected C57BL/6 mice could be due to an uncontrolled pathological Th1-type response. DNA vaccination may stimulate IFN-␥ production even further, thereby exacerbating the immunopathology rather than conferring protection. In C3H mice, which succumb due to the parasite multiplication rather than to immunopathology (26) , the strong induction of IFN-␥ by DNA immunization should be beneficial instead.
The three antigens, including the novel GRA7, were immunogenic in all three mouse strains, and in C3H mice they produced similar protective effects. The fact that T. gondii stimulates strong immunity in natural infections suggests that the parasite possesses a battery of highly immunogenic antigens, among them the antigens selected for our research. This fact combined with the strong adjuvant activity of bacterial plasmid DNA may explain the powerful anti-toxoplasma immunity that we obtained. Nevertheless, more vaccination and challenge experiments with these and other antigens, either separately or in combination, are needed to elucidate the relative vaccination potential of each of the genes. In addition, it will be necessary to differentiate the effects that the vaccineinduced immune responses have on the parasite survival from those associated with immunopathology.
